In the ovary, follicular vascularization is restricted to the theca cell layer, while the granulosa cell layer and oocyte develop in an avascular environment. As the follicle develops, the blood vessels in the theca cell layer increase in number and size but do not penetrate the granulosa cell layer \[[@r1],[@r2],[@r3]\]. Ovarian blood flow decreases toward ovulation, and gradually increases with luteal development \[[@r4]\]. In addition, the O~2~ concentration in the follicular fluid in large follicles is less than in small follicles \[[@r5]\]. These conditions seem to represent a physiological hypoxia during follicular growth. Furthermore, immediately after ovulation, the ruptured follicle is also thought to be under a hypoxic condition due to bleeding and immature vascularization \[[@r6]\].

Hypoxia is defined as a reduction in available oxygen whether in a whole organism or in a tissue or cell. Hypoxia response elements of target genes are recognized and regulated by hypoxia-inducible factor 1 (HIF-1), comprising the subunit factors HIF-1α and aryl hydrocarbon receptor nuclear translocator (ARNT; HIF-1β) \[[@r7],[@r8],[@r9]\]. Hypoxia and HIF-1α have been studied on luteal function related to the steroidogenesis at various stages in cows \[[@r10],[@r11],[@r12]\]. Expression of HIF-1α in the corpus luteum (CL) was highest at the early luteal stage in cattle \[[@r12]\], humans \[[@r13]\] and monkeys \[[@r14]\]. In granulosa cells, HIF-1α expression peaks around the time of ovulation \[[@r1], [@r14], [@r15]\] and is upregulated by low oxygen conditions (2% O~2~) in synergy with human chorionic gonadotrophin (hCG), a mimic of luteinizing hormone (LH) \[[@r15]\]. The above findings indicate that the follicle, specifically the granulosa cell layer, is in a hypoxic condition around the time of ovulation.

Around the time of ovulation, granulosa cells and theca cells start to be luteinized after an LH surge, and after ovulation, they differentiate into luteal cells and then produce a large amount of progesterone (P4), which is essential for establishing pregnancy \[[@r16]\]. Luteinization causes important changes in follicular function, as the main product of the luteinized cells is changed from estrogen (E2) to P4. These changes include modifications of the rate-limiting elements of steroid synthesis. The key protein and enzymes in P4 biosynthesis include steroidogenic acute regulatory protein (StAR; *STAR*), which transports cholesterol from the outer mitochondrial membrane to the inner mitochondrial membrane, cytochrome P450 side-chain cleavage (P450scc; *CYP11A1*), which converts cholesterol into pregnenolone and 3β-hydroxysteroid dehydrogenase (3β-HSD; *HSD3B*), which converts pregnenolone into P4 \[[@r17],[@r18],[@r19],[@r20],[@r21]\]. A common process in luteinization involves rupture and collapse of the follicle at ovulation and also the invasion of some elements, including theca cells and blood vessels \[[@r22]\]. Based on the above findings, luteinization and hypoxia may take place simultaneously. However, it is unclear whether hypoxia contributes to P4 synthesis during luteinization.

In the present study, we hypothesized that hypoxia plays some roles in luteinization by stimulating the P4 generating system. To test this hypothesis, we used a model of bovine luteinizing and non-luteinizing granulosa cells in a culture system. We induced hypoxic conditions (10% and 5% O~2~) in the culture system and examined P4 production as well as mRNA and protein expression of StAR, P450scc and 3β-HSD. Furthermore, it has been confirmed that the conditions used in the present study are hypoxic by determining the protein expression of HIF-1α, which is known to accumulate in cells and function specifically under hypoxic conditions \[[@r23], [@r24]\].

Materials and Methods {#s1}
=====================

Granulosa cell isolation and culture
------------------------------------

Bovine ovaries were obtained from a local slaughterhouse and were transported to the laboratory in ice-cold sterile physiological saline. The ovaries with healthy follicles were washed several times in a sterile saline containing 100 IU/ml of penicillin (Meiji Seika Pharma, Tokyo, Japan; 611400D3051) and 100 µg/ml streptomycin (Meiji Seika Pharma; 6161400D1034). Granulosa cells in follicular fluid were aspirated aseptically from healthy small follicles (≤ 6 mm in diameter) using 2.5-ml disposable syringe and 24-gauge needle, pooled and transferred to a plastic Petri disc filled with Dulbecco's Modified Eagle's Medium (DMEM) and Ham's F-12 medium (1:1 \[v/v\]; Invitrogen, Carlsbad, CA, USA; 12400--024) containing 10% calf serum (Invitrogen; 16170078), 20 µg/ml gentamicin (Sigma-Aldrich, St. Louis, MO, USA; G1397) and 2 µg/ml amphotericin B (Sigma-Aldrich; A9528) along with 50 IU heparin sodium salt (Nacalai Tesque, Kyoto, Japan; 17513--41). After removing cumulus-oocyte complexes (COCs) with a fine glass pipet under a dissecting microscope, granulosa cells in follicular fluid were centrifuged (800 × *g*, 5 min at 4 C) and then resuspended in Tris NH~4~Cl to break the blood cells after discarding the supernatant. Cell suspensions were centrifuged again and resuspended in DMEM (Sigma-Aldrich; D1152) with 100 IU/ml penicillin, 100 µg/ml streptomycin and 0.1% bovine serum albumin (BSA; Roche Diagnostics, Manheim, Germany; 10735086001) after the supernatant was discarded. This washing step was done two times. Cell suspensions were then centrifuged, filtered through metal meshes (100 µm × 2, 80 µm × 2) to avoid cell aggregation and resuspended in a suitable volume of culture medium (DMEM and Ham's F-12 containing 10% calf serum and 20 µg/ml gentamicin). The cell viability of granulosa cells was assessed by trypan blue dye exclusion.

The dispersed granulosa cells were seeded at 0.5 × 10^5^ viable cells per 1 ml in culture medium in 75 cm^2^ culture flasks (20 ml/ flask; Greiner Bio-One, Frickenhausen, Germany; 658175) and cultured in a humidified atmosphere of 5% CO~2~ in air at 37.5 C in a N~2~-O~2~-CO~2~-regulated incubator (ESPEC, Osaka, Japan; no. BNP-110) for 3--4 days. When the cultured cells reached 80--90% confluence, cell passage was done using 0.1% bovine trypsin (Sigma-Aldrich; T92012) and sterile phosphate-buffered saline (PBS; Nissui Pharmaceutical, Tokyo, Japan; 05913). The granulosa cells were seeded at a concentration of 2.0 × 10^5^ viable cells per 1 ml in 48-well cluster dishes (0.5 ml/ well; Greiner Bio-One; 662160) for determination of P4 production, in 24-well cluster dishes (1.0 ml/ well; Greiner Bio-One; 677180) for determination of gene expression and in 75 cm^2^ culture flasks (20 ml/ flask; Greiner Bio-One; 658175) for determination of protein expression.

Model of luteinizing and non-luteinizing granulosa cells and hypoxic culture conditions
---------------------------------------------------------------------------------------

To prepare luteinizing and non-luteinizing granulosa cells, the culture medium was replaced with fresh medium containing 0.1% BSA, 5 ng/ml sodium selenite (Sigma-Aldrich; S5261), 5 µg/ml transferrin (Sigma-Aldrich; T4132) and 0.5 mM ascorbic acid (Wako-Pure Chemical Industries, Osaka, Japan; 031--12061), and the cells were then incubated under a normal culture atmosphere (20% O~2~, 5% CO~2~, 75% N~2~) without or with insulin (2 µg/ml; Sigma-Aldrich; I4011), forskolin (10 µM; Research Biochemicals International, Natick, MA, USA; 70--0501-05) or insulin (2 µg/ml) in combination with forskolin (10 µM) for 24 h. The concentration of insulin and forskolin was selected based on a previous report \[[@r25]\]. The culture media from these cultured cells were collected to determine the effect of insulin and forskolin treatment on P4 production for 24 h.

To determine the effect of hypoxia on P4 production, mRNA and protein expressions of STAR, CYP11A1 and HSD3B, the luteinizing and non-luteinizing granulosa cells were incubated under various O~2~ concentrations, 20% O~2~ (normoxia), 10% O~2~ (hypoxia) or 5% O~2~ (hypoxia), for 24 h in small individual culture chambers. The chambers were refilled with a nonstandard gas mixture, as described previously \[[@r10]\], containing the indicated O~2~ level (20%, 10% or 5% O~2~) and 5% CO~2~ in an N~2~ base.

P4 production determination
---------------------------

To determine P4 production, enzyme immunoassay (EIA) and DNA assay were performed. The conditioned media were collected and stored at --30 C until assayed for determining the P4 concentration after the granulosa cells were incubated under normoxic or hypoxic conditions without or with insulin (2 µg/ml), forskolin (10 µM) or insulin (2 µg/ml) in combination with forskolin (10 µM) for 24 h. The concentration of P4 was determined by EIA as described previously \[[@r26]\]. The standard curve ranged from 0.391 to 100 ng/ml. To fit the range of the standard concentration, the culture media were diluted. The cultured cells were also stored at --30 C until the DNA content was measured by the spectrophotometric method of Labarca and Paigen \[[@r27]\] and were used to standardize the P4 concentration. Four experiments were performed, and each treatment was tested in triplicate wells in each experiment. Insulin treatment increase the cell number, while the hypoxic conditions did not alter the cell number (data not shown).

RNA isolation, cDNA synthesis and real-time PCR
-----------------------------------------------

Total RNA of cultured luteinizing and non-luteinizing granulosa cells under normoxic and hypoxic conditions for 24 h was extracted to determine mRNA expression of *STAR*, *CYP11A1* and *HSD3B*. Total RNA was prepared from granulosa cells using TRIsure (Bioline, London, UK; BIO-38033) according to the manufacturer's directions. Extracted RNA from each sample was quantified using a NanoDrop Lite Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The total RNA was reverse transcribed using a ThermoScript RT-PCR system (Invitrogen; 11146--016).

*STAR, CYP11A1* and *HSD3B* gene expressions were measured by real-time PCR using a MyiQ (Bio-Rad, Tokyo, Japan) and iQ SYBR Green supermix (Bio-Rad; No. 170--8880) starting with 1 ng reverse-transcribed total RNA as described previously \[[@r28]\]. Standard curves of sample cDNA were generated using serial dilutions (1:2 to 1:1000). The expression of *18S ribosomal RNA* (*18SrRNA*) was used as an internal control. In a preliminary experiment, *18SrRNA* was confirmed to not be influenced by luteinization and hypoxia (data not shown). Twenty-base pair primers with 50--60% GC-contents were synthesized ([Table 1](#tbl_001){ref-type="table"}Table 1.Primers used in real-time PCRGenePrimerSequence (5′--3′)Accession no.Product (bp)*STAR*ForwardCCCATGGAGAGGCTTTATGAY17259115ReverseTGATGACCGTGTCTTTTCCA*CYP11A1*ForwardCTGGCATCTCCACAAAGACCJ05245131ReverseGTTCTCGATGTGGCGAAAGT*HSD3B*ForwardCCAAGCAGAAAACCAAGGAGX17614109ReverseATGTCCACGTTCCCATCATT*18SrRNA*ForwardTCGCGGAAGGATTTAAAGTGAY779625141ReverseAAACGGCTACCACATCCAAG).

The PCR conditions were: 95 C for 30 sec, followed by 45 cycles of 94 C for 6 sec, 60 C for 30 sec and 65 C for 6 sec. Use of the QuantiTect SYBR Green PCR system at elevated temperatures resulted in reliable and sensitive quantification of the PCR products with high linearity. The melting curve analysis was checked to verify that only the target amplicon was amplified.

HIF-1α, StAR, P450scc and 3β-HSD protein expressions
----------------------------------------------------

The luteinizing and non-luteinizing granulosa cells cultured under normoxic and hypoxic conditions for 24 h were washed with ice-cold PBS and scraped from the culture flask in 1 ml ice-cold homogenization buffer (25 mM Tris-HCl, 300 mM sucrose, 2 mM EDTA, Complete \[protease inhibitor cocktail; Roche Diagnostics; 11697498001\], pH 7.4). The cell suspension was centrifuged at 19,000 × *g* for 30 min, the supernatant was discarded, and the suspension was then lysed in 100 µl of lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 10% glycerol \[Sigma; G7757\], Complete, pH 7.4). The protein samples were then stored at --80 C until HIF-1α, StAR, P450scc and 3β-HSD protein analyses were performed by Western blotting.

The protein concentration was determined by the method of Osnes *et al.* \[[@r29]\] using BSA as a standard. The protein samples were solubilized in SDS gel-loading buffer (50 mM Tris-HCl, 2% SDS \[Nacalai Tesque; 31607--94\], 10% glycerol, 1% β-mercaptoethanol \[Wako Pure Chemical Industries; 137--06862\], pH 6.8) and heated at 95 C for 10 min. Samples (50 µg protein) were subjected to electrophoresis on a 7.5% SDS-PAGE gel that included a pre-stained molecular weight marker (Bio-Rad; 161--0374) for 1 h at 200 V.

The separated proteins were electrophoretically transblotted to a PVDF membrane (GE Healthcare, Buckinghamshire, UK; RPN1416LFP) for 1 h at 25 V in transfer buffer (25 mM Tris-HCl, 192 mM glycine, 20% methanol, pH 8.3). The membrane was washed in TBS-T (0.1% Tween 20 in TBS \[25 mM Tris-HCl, 137 mM NaCl, pH 7.5\]) for 10 min and was incubated in PVDF blocking buffer (Toyobo, Osaka, Japan; NYBR01) for 1 h at room temperature. The membranes were then incubated separately with a primary antibody in immunoreaction enhancer solution (Toyobo, Osaka, Japan; NKB-101) specific to each protein, HIF-1α antibody (Sigma-Aldrich; SAB2104366; 1:500), StAR antibody (Abcam; ab96637; 1:3,000), P450scc antibody (Abcam; ab75497; 1:1,000), 3β-HSD antibody (Abcam; ab75710; 1:3,000) and β-actin antibody (ACTB; Sigma-Aldrich; A2228; 1:8,000), for overnight at 4 C. The membranes were washed three times for 5 min in TBS-T at room temperature, incubated with a secondary antibody in immunoreaction enhancer solution (for HIF-1α, StAR and P450scc \[1:5,000\], anti-rabbit Ig, HRP-linked whole antibody produced in donkey; Amersham Biosciences, Piscataway, NJ, USA; NA934; for 3β-HSD and ACTB \[1:40,000\], anti-mouse Ig, HRP-linked whole antibody produced in sheep; Amersham Biosciences; NA931) for 1 h and washed three times in TBS-T for 5 min at room temperature. The signal was detected with an ECL Western blotting detection system (Amersham Biosciences; RPN2109). The intensity of the immunological reaction (HIF-1α, StAR, P450scc, 3β-HSD, ACTB) in the cells was estimated by measuring the optical density in the defined area by computerized densitometry using NIH Image (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis
--------------------

All experimental data are shown as the mean ± SEM. The statistical analysis was performed using the GraphPad Prism 4 computer program. The statistical significance of differences in P4 production was assessed by ANOVA followed by a Fisher's protected least-significant difference procedure (PLSD) as a multiple comparison test, while the statistical significance of differences in the amounts of *STAR*, *CYP11A1* and *HSD3B* mRNA and the StAR, P450scc and 3β-HSD protein levels were assessed by two-way ANOVA with replications followed by Bonferroni post-tests to compare replicate means. P\<0.05 was considered statistically significant.

Results {#s2}
=======

P4 production by luteinizing and non-luteinizing granulosa cells
----------------------------------------------------------------

Insulin and forskolin increased P4 production by granulosa cells cultured for 24 h under normoxia (20% O~2~) ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Progesterone (P4) production by granulosa cells for 24 h in the presence or absence of insulin (2 µg/ml), forskolin (10 µM) or insulin (2 µg/ml) in combination with forskolin (10 µM) under 20% O~2~ (Cont, control; Ins, insulin; Fors, forskolin; Ins + Fors, insulin in combination with forskolin). All values represent mean ± SEM of four separate experiments. Different letters indicate significant differences (P \< 0.05), as determined by a Fisher's PLSD as a multiple comparison test.; P\<0.05), with the highest P4 production was shown in granulosa cells cultured with insulin in combination with forskolin. Non-treated granulosa cells produced only a low level of P4. Based on these results, the treated and non-treated granulosa cells were used as models of luteinizing and non-luteinizing granulosa cells for further experiments to determine the effect of hypoxia.

Effects of hypoxia on HIF-1α protein expression
-----------------------------------------------

The expressions of HIF-1α protein were increased under 10% O~2~ ([Fig. 2A](#fig_002){ref-type="fig"}Fig. 2.Effects of hypoxia on HIF-1α protein. Representatives samples of Western blotting for HIF-1α protein expressions under 20% O~2~ or 10% O~2~ (A) and 20% O~2~ or 5% O~2~ (B) for 24 h in non-treated granulosa cells.) and 5% O~2~ ([Fig. 2B](#fig_002){ref-type="fig"}) after 24 h.

Effects of hypoxia on P4 production by non-luteinizing and luteinizing granulosa cells
--------------------------------------------------------------------------------------

Hypoxia, both 10% and 5% O~2~, increased P4 production by luteinizing granulosa cells, while the same conditions did not affect P4 production by non-luteinizing granulosa cells ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Effects of hypoxia on progesterone (P4) production by non-luteinizing and luteinizing granulosa cells. The cells were cultured under 20% O~2~ or 10% O~2~ (A) and 20% O~2~ or 5% O~2~ (B) for 24 h in the presence or absence of insulin (2 µg/ml), forskolin (10 µM) or insulin (2 µg/ml) in combination with forskolin (10 µM) (mean ± SEM). All values are expressed as a percentage of normoxia (20% O~2~) of four separate experiments. Asterisks indicate significant differences (P \< 0.05) as determined by ANOVA followed by Fisher's PLSD as a multiple comparison test.). The culture conditions under 10% O~2~ significantly increased P4 production both in granulosa cells treated with insulin and those treated with insulin in combination with forskolin compared with normoxia (20% O~2~) ([Fig. 3A](#fig_003){ref-type="fig"}; P \< 0.05). However, under 5% O~2~, P4 production was significantly increased only in granulosa cells treated with insulin in combination with forskolin ([Fig. 3B](#fig_003){ref-type="fig"}; P \< 0.05).

Effects of hypoxia on STAR, CYP11A1 and HSD3B mRNA expressions in non-luteinizing and luteinizing granulosa cells
-----------------------------------------------------------------------------------------------------------------

A real-time PCR analysis showed that the culture conditions under 10% O~2~ significantly increased *STAR* mRNA expression in granulosa cells treated with insulin in combination with forskolin compared with normoxia (20% O~2~) ([Fig. 4A](#fig_004){ref-type="fig"}Fig. 4.Effects of hypoxia on *STAR*, *CYP11A1* and *HSD3B* mRNA by non-luteinizing and luteinizing granulosa cells. The cells were cultured under 20% O~2~ or 10% O~2~ (A) and 20% O~2~ or 5% O~2~ (B) for 24 h in the presence or absence of insulin (2 µg/ml), forskolin (10 µM) or insulin (2 µg/ml) in combination with forskolin (10 µM). The amounts of *STAR*, *CYP11A1* and *HSD3B* mRNA are expressed relative to the amounts of *18SrRNA*. The asterisk indicates a significant difference (P \< 0.05) within the same treatment group, as determined by two-way ANOVA with replications (n = 3) followed by Bonferroni post-tests to compare replicate means.; P \< 0.05). However, the conditions under 5% O~2~ did not affect *STAR, CYP11A1 and HSD3B* mRNA expressions ([Fig. 4B](#fig_004){ref-type="fig"}).

Effects of hypoxia on StAR, P450scc and 3β-HSD protein expressions in non-luteinizing and luteinizing granulosa cells
---------------------------------------------------------------------------------------------------------------------

The culture conditions under 10% O~2~ significantly increased StAR and 3β-HSD protein expressions in granulosa cells treated with insulin in combination with forskolin compared with normoxia ([Fig. 5A and 5B](#fig_005){ref-type="fig"}Fig. 5.Effects of hypoxia on StAR, P450scc and 3β-HSD protein by non-luteinizing and luteinizing granulosa cells. The cells were cultured under 20% O~2~ or 10% O~2~ (A and B) and 20% O~2~ or 5% O~2~ (C and D) for 24 h in the presence or absence of insulin (2 µg/ml), forskolin (10 µM) or insulin (2 µg/ml) in combination with forskolin (10 µM). Representative samples of Western blotting for StAR, P450scc, 3β-HSD and β-actin are shown in [Fig. 5A](#fig_005){ref-type="fig"} for 10% O~2~ and in [Fig. 5C](#fig_005){ref-type="fig"} for 5% O~2~. The blot was incubated with primary antibodies against StAR, P450scc, 3β-HSD or β-actin and then incubated with secondary antibody conjugated to HRP. The resultant signal was detected by chemiluminescence and quantitated by computer-assisted densitometry. All protein levels are expressed relative to the amounts of β-actin. Asterisks indicate significant differences (P \< 0.05) within the same treatment groups, as determined by two-way ANOVA with replications (n = 3) followed by Bonferroni post-tests to compare replicate means.; P \< 0.05), while the conditions under 5% O~2~ did not affect StAR, P450scc and 3β-HSD protein expressions ([Fig. 5C and 5D](#fig_005){ref-type="fig"}).

Discussion {#s3}
==========

Luteinization occurs after an LH surge, and the follicle differentiates into CL after ovulation. Meanwhile, the follicle is under its most hypoxic conditions around the time of ovulation \[[@r1], [@r14], [@r15]\]. Since hypoxia and luteinization occur at the same time, it raises the question whether hypoxia plays some roles during luteinization. In the present study, we used a model of luteinizing granulosa cells induced by insulin (2 µg/ml) and forskolin (10 µM). Bovine granulosa cells obtained from small antral follicles are known to differentiate into large luteal-like cells during culture *in vitro* \[[@r25]\]. Our results showed that the cultured granulosa cells treated with insulin in combination with forskolin showed increased P4 production after 24 h, and the production was the highest among the groups ([Fig. 1](#fig_001){ref-type="fig"}). Insulin or insulin-like growth factor-I (IGF-I) is known to stimulate proliferation and P4 production in granulosa cells \[[@r30],[@r31],[@r32],[@r33],[@r34]\]. In addition, forskolin induces an increased intracellular cyclic AMP concentration via activation of adenylate cyclase \[[@r35]\]. Furthermore, insulin in combination with forskolin mimics the effect of LH and activates adenylate cyclase through upregulation of P4 production \[[@r36]\]. Therefore, these granulosa cells were used for further experiments in the present study.

Hypoxic conditions are known to cause accumulation of HIF-1α protein in cells and to enhance transcription of hypoxia-inducible genes \[[@r23], [@r24]\]. In the present study, we induced hypoxic conditions in our culture system by using low oxygen tension. We selected 10% and 5% O~2~ as the hypoxic conditions based on the following previous studies. The O~2~ levels in antral follicles of humans and pigs are around 7--11% \[[@r37], [@r38]\]. Basini *et al.* \[[@r5]\] demonstrated that severe hypoxic conditions (lowering the level to 1% O~2~) decreased both E2 and P4 production by swine granulosa cells, while partial hypoxia (5% O~2~) did not affect them. Hillier \[[@r39]\] also reported that partial hypoxic conditions are possibly more comparable to the conditions of follicular development, which relies on E2 and P4 production. The finding that the protein expression of HIF-1α was increased by 10% and 5% O~2~ conditions in the present study ([Fig. 2A and 2B](#fig_002){ref-type="fig"}) shows that the cells were hypoxic. Furthermore, newly formed CLs after ovulation increase P4 production \[[@r16]\] and express high levels of HIF-1α \[[@r12]\]. In the present study, both P4 production and HIF-1α expression of luteinizing granulosa cells were increased under 10% O~2~. Thus, the O~2~ conditions in the cells cultured under 10% O~2~ may be similar to the O~2~ conditions in the cells under luteinization.

P4 production by the CL is essential for establishing and maintaining pregnancy. During luteinization, granulosa cells and theca cells differentiate into luteal cells, and P4 starts to be produced in large amounts \[[@r16]\]. The present results showed that under 10% O~2~ and 5% O~2~ for 24 h, P4 production by cultured granulosa cells treated with insulin in combination with forskolin increased ([Fig. 3A and 3B](#fig_003){ref-type="fig"}). Furthermore, under 10% O~2~, P4 production by the granulosa cells treated with only insulin also increased. Interestingly, hypoxic conditions did not affect the P4 production by non-luteinizing granulosa cells. These results suggest that hypoxic conditions promote P4 production during, rather than before, luteinization.

In our previous study \[[@r10]\], hypoxia inhibited basal and LH-stimulated P4 production by cultured bovine mid luteal cells, suggesting that hypoxia facilitates luteolysis. On the other hand, in the present study, hypoxia increased P4 production and seemed to promote P4 production during luteinization of granulosa cells. We have no clear explanation for these contradictive effects of hypoxia on P4 production between luteinizing granulosa cells and luteal cells. Hypoxia may differently affect cells depending on the differentiation status of granulosa and luteal cells. Mid luteal cells are matured luteal cells that produce the highest level of P4, while in the present study, we used luteinizing granulosa cells, which are immature luteal cells that have just begun to produce P4. The difference in cell status may be the reason for the contradictive action of hypoxia on luteolysis and luteinization.

Luteinization includes modification of steroidogenic enzymes and the steroidogenic acute regulatory protein expressions to bring about large-scale synthesis of P4. StAR, P450scc and 3β-HSD are known as the key protein and enzymes involved in P4 biosynthesis \[[@r20], [@r21], [@r40]\]. The expression of StAR and 3β-HSD are upregulated in theca and granulosa cells during the luteinization process \[[@r41],[@r42],[@r43],[@r44],[@r45]\]. The development of P450scc also characterizes the differentiation of follicular granulosa cells because the enzyme is not present or present only in low abundance in granulosa cells of the preovulatory follicle \[[@r46]\]. Our findings that 10% O~2~ increased the mRNA and protein expressions of StAR ([Fig. 4A](#fig_004){ref-type="fig"}) suggest that hypoxia enhances P4 production by increasing StAR expression. StAR is essential for steroidogenesis because it imports cholesterol, a precursor of all steroids, into mitochondria \[[@r47]\]. Expression of StAR has also been shown to undergo luteinization-dependent upregulation in both pigs \[[@r40], [@r48]\] and cows \[[@r43]\]. Thus, its expression is an important marker for the luteinization process. Under 10% O~2~, the protein expression of 3β-HSD was also increased but not the mRNA expression. The protein expression of 3β-HSD may be more highly stabilized under 10% O~2~ than the mRNA expression. Under 5% O~2~, there was no significant increase in StAR, P450scc and 3β-HSD mRNA and protein expressions in luteinizing granulosa cells; however, we could see that the mRNA and protein expressions of this protein and the enzymes were slightly increased under 5% O~2~ in granulosa cells treated with insulin in combination with forskolin ([Fig. 4B](#fig_004){ref-type="fig"}). These results suggest that 10% O~2~ may reflect the O~2~ concentration *in vivo* in the follicle around the time of ovulation. We previously showed that 3% O~2~ decreases P4 production \[[@r10]\]. If we applied this lower O~2~ concentration to our present model, P4 production and steroidogenesis may decrease too. Further studies are needed to confirm the relationship between HIF1 and steroidogenic factors.

In conclusion, the overall findings suggest that hypoxia (10% O~2~) promotes the P4 synthesis during luteinization by enhancing the expression of StAR and partly the expression of 3β-HSD, and this condition is important for establishing the CL.
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